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Abstract: PWMs are adopted to determine the gate
pulses for each inverter. Thus, the
In this paper, space vector pulse width  switching frequency during a sampling

modulation (SVPWM) to control the speed
of an induction motor fed with Zsource
inverter is presented. In recent years, the
field oriented control (FOC) of induction
motor drive is widely wused in high
performance drive system due to its high
efficiency, good power factor and extremely
rugged property. The Z-source inverter is
also introduced to the system which
employs a unique LC network to couple the
inverter main circuit to the diode front end.
By controlling the shoot-through duty cycle,
the Z-source can produce any desired output
ac voltage, even greater than the line
voltage. As results, the new Z-source
inverter system provides ride-through
capability under voltage sags, reduces line
harmonics, and extends output voltage
range.

INTRODUCTION

Dual-inverter configuration with two
separated DC voltage supplies is one of the
attractive approaches to provide a higher
voltage for motor drives in electric vehicle
(EV) applications, or large-power wind
energy generation system. Since each end
of the stator windings of the open winding
AC machine is directly connected to an
inverter, usually the reference voltage
vector will be split into two voltage vectors,
two independent space vector pulse width
modulations (SVPWMs) or discontinuous

period is doubled compared with a single
inverter fed drive system. In order to reduce
the switching frequency, an alternate-sub-
hexagonal-center PWM switching strategy
and an alternate-inverter PWM strategy are
proposed. However, the DC-link voltages
for the two inverters are restricted to be
equal, and the output performance might be
deteriorated when the two DC voltages are
different.

Thus, for the applications, such as ship
electrical system and hybrid vehicles with
energy storage, where two different DC-
link voltages are usually employed, a more
flexible modulation strategy is needed. In
addition, the space vectors produced by the
dual two-level inverter are identical to that
of the three-level inverter, and each sector
is divided into four triangle regions
according to the magnitude and angle of the
reference voltage vector, which increases
computational complexities. To improve
the situations, a unified SVPWM algorithm
is proposed in this letter, where two
inverters are controlled simultaneously and
the values of the two isolated DC sources
can be different. Meanwhile, compared
with the conventional methods proposed in,
the region divisions in a sector is simplified
according to the relationship between the
time durations of the voltage vectors
applied initially and the sampling period. In
addition, the total switching frequency is
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reduced to 1/3 of that of the dual SVPWM

algorithm, and a good performance is
obtained for a wide speed range.

Pulse Width Modulation

Pulse width modulation (PWM) has been
actively used in circuits and systems for
many years. Its unique features help it

participate in various gpplications, including
motor control, telecommunications, switch-
mode power supplies (SMPS), and class D
power amplifiers (PA). The PWM is an
inevitable part of the SMPSs and the class D
PAs among the other major applications.
Being a part of these circuits and systems
makes the PWM be a part of a huge family
of producs addressing various markets such
as  consumer  electronics,  wearable
electronics, automotive, healthcare,
industrial, military/defense, and aerospace.

The evolution of a simple PWM chip was
first started by Silicon General’s cofounder
and power electronics engineer, Bob
Mammano, in 1975. Constant advances in
the electronics technology have triggered the
evolution of the first PWM integrated circuit
(IC) so that the transition from a simple chip
to a complete power management IC
(PMIC) was achieved.

The significant role of the PWM in wide
range of circuits and systems has been
motivating many researchers and engineers
to develop its theoretical and practical
background for many years. Today, the
PWM can be implemented in various
platforms with different methods. The PWM
can be implemented by an analog or a digital
application specific integrated circuit
(ASIC) or general purpose digital ICs such
as a field-programmable gate array (FPGA)
or a digital signal processor (DSP). Besides,
the PWM can be implemented in discrete
circuit level with active and passive
electronic components.
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Control Schemes Of Induction
Motor

Numerous induction motor control
schemes have been developed to enable
independent control of torque and these
control schemes can generally be divided
into two categories. They are field oriented
control (FOC) and direct torque control
(DTC). FOC involves the separation of the
stator current into two components, one
that controls the flux and another that
controls the torque. The DTC directly
controls the inverter in order to apply a
voltage that will drive the torque and flux
towards the reference values.

Almost 30 vyears ago, (Blaschke
1971) presented the first paper on Field
Oriented Control (FOC) for induction
motors. Since that time, the technique
was completely developed and today is in
matured state from the industrial point of
view. Today field oriented controlled
drives are an industrial reality and are
available on the market by several
producers and with different solutions and
performance (Nabae et al 1980, Matsuo &
Lipo1984, Holtz & Bube 1991, Boldea &
Nasar 1992, Ohtani 1992, Jansen et
al1994, Kwindler et al 1994, De Doncker
1994, Kim & Sul 1995). Thirteen years
later, a new technique for the torque
control of induction motors was developed
and presented by Takahashi (1989) as
Direct Torque Control (DTC) (Noguchi &
Takahashi 1984, Takahashi & Noguchi
1986, Takahashi& Ohmori 1989), and
direct self-control (DSC) (Depenbrock
1988, Depenbrock & Steimel 1990). Since
the beginning, the new technique was
characterized by  simplicity,  good
performance and robustness (Tiitinen et
al1995, Nash 1997). Using DTC or DSC it
is possible to obtain a good dynamic
control of the torque without any
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mechanical transducers on the machine
shaft. Thus, DTC and DSC can be
considered as “sensorless type” control
techniques. The basic scheme of DSC is
preferable in the high power range
applications, where a lower inverter
switching frequency can justify higher
current  distortion. In this proposed
system, the attention will be mainly
focused on the basic DTC scheme, which is
more suitable in the small and medium
power range applications.

3.1 Field Oriented Control (Foc)

AC Induction motors offer enviable
operational  characteristics  such  as
robustness, reliability and ease of control.
They are extensively used in various
applications ranging from industrial motion
control systems to home appliances.
However, the use of induction motors at its
highest efficiency is a challenging task
because of their complex mathematical
model and non-linear characteristic during
saturation. These factors make the control
of induction motor difficult and call for use
of a high performance control algorithms
such as “vector control”.

Scalar control such as the “V/Hz”
strategy has its limitations in terms of
performance. The scalar control method for
induction motors generates oscillations on
the produced torque. Hence to achieve
better dynamic performance, a more superior
control scheme is needed for Induction
Motor. With the mathematical processing
capabilities offered by the microcontrollers,
digital signal processors and FGPA,
advanced control strategies can be
implemented to decouple the torque
generation and the magnetization functions
in an AC induction motor. This decoupled
torque and magnetization flux is commonly
called rotor Flux Oriented Control (FOC).
Field Oriented Control (FOC) is probably
the most common control method used for
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high-performance induction motor
applications. The invention of FOC in the
beginning of 1970s, and the demonstration
that an induction motor can be controlled
like a separately excited DC motor, brought
a renaissance in the high-performance
control of ac drives (Holtz & Bubel991,
Jansen et al 1994). Because of dc machine-
like performance, FOC is also known as
decoupling, orthogonal, or transvector
control. FOC was the first technique
developed to allow independent control of
induction motor torque and flux. It refers to
induction  motor  operation in a
synchronously rotating d,q reference frame
that is aligned with one of the motor fluxes
typically the rotor flux (Kwindler et al
1994, De Doncker et al 1994). In this mode
of operation, control of the torque and flux is
decoupled such that the d- axis component
of the stator current controls the rotor flux
magnitude and the g-axis component
controls the torque produced. This was
initially difficult to implement due to the
complexity of transforming the three phase
variables to a rotating d, q reference frame.
With the development of suitable low cost
microprocessors in the early 1980s, FOC
become practical to implement in
commercial motor drives.

Field Oriented Control describes the
way in which the control of torque and
speed are directly based on the
electromagnetic state of the motor, similar
to a DC motor. FOC is the first technology
to control the “real” motor control variables
of torque and flux. With decoupling
between the stator current components
(magnetizing flux and torque), the torque
producing component of the stator flux can
be controlled independently. Decoupled
control, at low speeds, the magnetization
state of motor can be maintained at the
appropriate level, and the torque can be
controlled to regulate the speed. “FOC has
been solely developed for high-performance
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motor applications which can operate
smoothly over the wide speed range, can
produce full torque at zero speed, and is
capable of quick acceleration and
deceleration”

Working Principle of FHeld Oriented

Control

The field oriented control
consists of controlling the stator currents
represented by a vector. This control is
based on projections tha transform a three
phase time and speed dependent system into
a two coordinate (d and q frame) time
invariant system. These transformations and
projections lead to a structure similar to that
of a DC machine control. FOC machines
need two constants as input references:
the torque component (aligned with the
g coordinate) and the flux component
(aligned with d coordinate).

The threephase  voltages,
currents and fluxes of AC-motors can be

analyzed in terms of complex space
vectors. If we take g, Ip, ic as

instantaneous currents in the stator phases,
then the stator current vector it defined as
follow:
‘l‘_:’iu 4 ih‘:,iln 3 +-|Ecj4: 3
2.9
where (a,b,c) are the axes of three phase
system.

This current space vector represents the
three phase sinusoidal system. It needs to
be transformed into a two time invariant
coordinate system. This transformation can
be divided into two steps: (a,b,c) — (a, P)
(the Clarke transformation), which outputs a
two co-ordinate time variant system. (o, )
— (d,q) (the Park transformation), which
outputs a two co- ordinate time invariant
system.
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The (ab,c) —
transformation)

(o, B) Projection (Clarke

Three-phase quantities either voltages or
currents, varying in time along the axes a, b,
and c, can be mathematically transformed
into two-phase voltages or currents, varying
in time along the axes o and B by the
following transformation matrix:

] =

!
2
".-"I 3

I-"“I*-Jl'_'

W

#| 0 e

-
I !
=

-

led | b2

lapo =

-

Assuming that the axis a and the axis  are
along same direction and B is orthogonal to
them, the vector diagram as shown in Figure
2.1.

c

Figure 2.1 Stator Current vector diagram

The above projection modifies the three
phase system into the (o, ) two dimension
orthogonal system as stated below

I:-:-u_ _1;1

e " +2iﬁ
T N33
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But these two phase (o, B) currents still
depends upon time and speed. The (a, B) —
(d,q) projection (Park transformation)

This is the most important transformation in
the FOC. In fact, this projection modifies the
two phase fixed orthogonal system (a, B)
into d,q rotating reference system. The
transformation matrix is given below:

_ a5 g5
cos cws{ﬂ—":} cos(0 + ,{n}

g
*| sin0 siriqﬁl—;:]
| - 1

. 9 yi

: 2n
sm(f+—)
3

\le-J

n;qul o

where ,,6“_ is the angle between the rotélting
and fixed coordinate system.

Consider the d axis aligned with the rotor
flux, Figure 2.2 shows the relationship from
the two reference frames for the current
vector:

LY

Figure 2.2 d.q frame of stator current vector

where “0” is the rotor flux position. The
torque and flux components of the
current  vector are determined by the
following equations:

lgq =lge SMO + 145 cOsO

lsg =lgq COSO +13sNO

These components depend on the current
vector (a, B) components and on the rotor
flux position. If you know the accurate rotor
flux position then, by above equation, the
d,g component can be easily calculated. At
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this instant, the torque can be controlled
directly because flux component (isd) and
torque component (isq) are independent
now.

Basic Module for Field Oriented Control

A Dblock diagram of a field-oriented
controller is shown in Figure 2.3, the stator
phase currents are measured. These
measured currents are fed into the Clarke
transformation block. The outputs of this
projection are entitled isa and isp. These
two components of the current enter into the
Park transformation block that provide the
current in the d,q reference frame. The isd
and isq components are contrasted to
the references: isdref (the fluxreference)
and isqref (the torque reference). At this
instant, the control structure has an
advantage.

It can be used to control either synchronous
or induction machines by simply changing
the flux reference and tracking rotor flux
position. In case of PM SM the rotor flux is
fixed determined by the magnets so there is
no need to create one. Therefore, while
controlling a PM SM, isdref should be equal
to zero. As induction motors need a rotor
flux creation in order to operate, the flux
reference must not be equal to zero. This

easily eliminates one of the major
shortcomings of the “classic” control
structures. The portability from

asynchronous to synchronous drives. The
outputs of the Pl controllers are Vsdref
and Vsqref. They are applied to the
inverse Park transformation block. The
outputs of this projection are Vsaref and
VsPref are fed to the space vector pulse
width modulation (SVPWM) algorithm
block. The outputs of this block provide
signals that drive the inverter. Here both
Park and inverse Park transformations need
the rotor flux position. Hence rotor flux
position is essence of FOC. The evaluation
of the rotor flux position is different for
the synchronous and induction motor.
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1) In case of synchronous motor(s), the
rotor speed is equal to the rotorflux
speed. Then rotor flux position is
directly determined by position sensor or
by integration of rotor speed.

2) In case of asynchronous motor(s), the
rotor speed is not equal to the rotor flux
speed because of slip. Therefore a
particular method is used to evaluate
rotor flux position (6). This method
utilizes current model, which needs
two equations of the induction motor
model in d,q rotating reference frame.

Imvened Park Transformaton

Figure 2.3 Block diagram of FOC

These components depend on the current
vector (0, B) components and on the rotor
flux position. If you know the accurate rotor
flux position then, by above equation, the
d,g component can be easily calculated. At
this instant, the torque can be controlled
directly because flux component (isd) and
torque component (isq) are independent
now.

Space vector pulse width modulation method

(SVPWM)

Space  vector pulse  width
modulation method is best among all the
PWM techniques for drive gpplications and
the three phase voltage source inverters
(VSI). Compared to sinusoidal pulse width
modulation Method (SPWM ), SVPWM has
many advantages, which are less switching
losses, less total harmonic distortion, it is
easy to digitalize and better utilization of
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dc-bus voltage. The performance of the
SVPWM inverter is based on the following
criteria: switching losses of the inverter,
total harmonic distortion (THD) and
maximum output voltage. Originally the
SVPWM method is developed as a vector
approach to pulse width modulation
(PWM) for three phase inverters. In
SVPWM inverter the reference wave is
revolving reference voltage vector and the
carrier signal is high frequency triangular
or saw tooth waveform. The intersection of
these two will give the gate pulses to
inverter to control the voltage and
frequency of the inverter.

Features of SVPWM

The SVPWM s better than the other PWM

methods due to the following features.

e It has the wide linear modulation range
including with PWM third harmonic
injection automatically.

e It has lesser switching losses because
only one switch is operating at a time
in the SVPWM inverter.

e It gives 15.5% more utilization of DC-
Link voltage than the conventional
PWM methods.

e It has higher efficiency.

It gives output phase voltage is Vdc

and output line voltage is V ,but in

SPWM the output

Concept of space vector

The space vector concept is derived
from rotating magnetic field theory of three
phase induction motor which is used for
modulating the inverter output voltage. In
this method three phase voltages are
transformed to two phase voltages either in
stationary reference frame or synchronous
rotating reference frame. Using this two
phase voltage reference components the
inverter output can be modulated.
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Let us take the three phase balanced

voltages as shownbelow,
V=V sinwt Eq(3.1)
PR
V. =) :'.inI ot - — Eq(3.2)
{ Je
V, =V, sin| ot + .-;!. ! Eq(3.3)

If we apply these three phase balanced
voltages to the three phase induction motor,
it produces rotating flux vector in the air gap
of the induction machine rotating with a
velocity This rotating flux vector
magnitude and angle can be calculated using

the Clark’s transformation method in
stationary reference frame as shown below
Vg =Vt j¥ -%:J'_-I';- ; ~I';-. Eq(34)
T ¥ Eq(3.5
q(33)

Where I, _\!|I'f".1':] and @ =tan v

The abowe equationis se'parated into real
and imaginary parts which are

v, ;;'1 cos0+] L-..C_-': Hcos = | Eq(3.6)

2 2n 4z
Fy=—|F, sin0+¥ sin—+F sin— |
31 3

3 EqG.7)

The above equations can be represented in
matrix form as shown below

Figure 3.1. Representation of rotating
vector in complex plane
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3.4 Principle of Space Vector PWM

The three phase voltage source inverter
(VSI) with BLDC motor load is shown in
figure 3.2. It has three legs that have two
switching  devices and those are
complimenting each other. l.e. only one
switch is operating at a time. Therefore the
output voltage of the inverter is determined
by the ON/OFF of the three switching
devices (S1, S3, and S5).

L=
= | o
11

Figure 3.2. Three phase VS1with BLDC
motor

The output voltage is controlled by the
switching variables a, b, ¢, a’, b’ and c¢’. If
the upper switch is ON then the switching
variable a, b, or ¢ is 1, then the
corresponding switching device is OFF, then
the switching variable a’, b’, or ¢’ is 0. The
following matrix gives the relation between
switching variable and the output phase
voltages and output line voltages.

[v..] [1 -1 o][a]
| Vo |=Vec] @ 1 —1-’aai Eq3.9)
|i| | 1 0 1]

. ] > [2 =1 =1][a
|V |==%|-1 2 1|

Le

3
(v, | -1 =1 2

Inverter has eight possible switching states
out of which six switching states gives six
active voltage vectors and two switching
states gives two null vectors. Based on the
equations (3.4), (3.9) and (3.10) inverter
output phase voltages, output line voltages

|
c |

Eq(3.10)

|
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and voltage vectors are determined which il o T Y
are in the tabular form-3.1. ' T3 3)
Eq(3.11)
Voltage vectors Switching Output phase voltages Output line voltages( =}, ) | |
(=) vectors (=¥, ) v, : i :‘_I
k € v Vi Y Vab Vi v
- . an dx )
F.=0 0o |o |o |o ] [1] 0 0 0 I i.l sinl + 1, sin 3 +V sin .
v : 7 r [1] [1] 1 2 ‘| I 1 [i] -1 Eq (312)
3 } L] 3 \.,r-‘ " “r‘ :
7 0 ] 0 ] _l 0 1 1 : :
7 0 1| 1 _-_{1 1 1 1]
[:‘ | 0 0 ] |; |‘ 1 0 1
: 1 o 1 -1 = 0 1 1 Syz
Fi - 3 a, d-axis
: ' Figure 3.3. Reference vector in the two and
. SRR | I | three dimensional plane
3 3 5 l l
Fr=0 1 1 1 1] 1] o (1] o [ -[' 1 [ _1 T j = ]
_ M Eq(3.13)
Table 3.1. Inverter output voltages switching - 0 = = V.
states and corresponding voltage vectors o Ik g
Where |I \III{ I'I" + l'l" Jand @ = tan :—— Eq(3.14)

Implementation of Space Vector PWM

SVPWM can be implemented in three steps 3.5.2 Calculation of T1 T2 andT0

\iNh'Ch agalculation of, Vd Vg I Calculationof T1,T2and TO in
. Calculation of T1, T2 and TO . sector-1: :
i Calculation of switching time of each For generating a voltage vector Vref in sector-1

at asampling Tz time of , it requires two active
voltage vectors and two null vectors. Let V 1 is
: the active voltage vector applied a fraction of
Calculation of Vvd V .
a T1 and T2. V0 and V are vectors which are
applied at a time intervals of 0 and 7. .Below

Using Clark’s transformation three phase fi ts th tion of \/ref vect
voltages are transformed to two phase voltages rigure represents the generation ot Vet vector

in stationary reference frame that is shown in In sector
figure.

switching device (S1 TO S6).
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Figure 3.4. Calculation Vs insector-1
calculated as follows Using volt-sec balance
equation V¢

rlfn J:.%LI.’.J;,I[.;;,I{_-.fr.Ii-‘frJ Eq(3.15)
TV =TV +T,) Eq(3.16)
— 5= V. i
¥ 7 ¥ Eq(3.1T)

Where, =T, + Ty, andly| =[] = 1 =1, | =[i;| =[1,| =) = | =<7, . and 0@ Cad

3

o feosa] _2 1] oy 3
i 1% 2 | fn e | 3 Eq(3.19)
{eina | '3 “lof ‘3 z
L 4 2= “HTI

Separate real and imaginary parts from the
above equation, then

Eq(19)

el | J : b d
I |J' feosa ==V, T4+=V,T, cos—
i Y

TIJ'. ;.\Inu 2I {.a’u;i Eq(320)

Using eqUatioris (3.17)and (3.18) T, and T,
are calculated as follows which are

V.| T.sin| ; a| Eq(3.21)
h=—sj —=
ZF, sin "
3 3
. W, AT sma Eq(3.22)
2y, a?
Eq(3.23)
ReT-T4, .

ii. Calculation of T, , T,and Ty in any
sector:
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7 nx
cos(n-1)
3

1 CO8 & 2 2 3

T L=V, + 1=} g Eq(324)
sina | "3 nx

| sin

| sin(a |]1| |

Separate real and imaginary parts fromthe
above equation, then

; 3. r.2 It
I F_Ecnm -‘iF.Icn.\'ln-ll-;‘-- ‘l T..cu\'»;- Eg(329)

! x 2 . 326
TV, jsina= ‘l Tsin(n-1)=1 ‘I T.sin -"-{- Eq(320)

Using equations (2.23) and (2.24) T, and T, are
calculated as follows which are

oo R - 1
" ~iT F__,:Mul . a | Eqa(327)
f

v,

Calculation of switching time of each
switching device (S1 TO S6):

The following table shows the switching
sequence corresponds to each sector. For each
cycle there are 7 switching states in each sector.
The odd sector numbers travels in anti-
clockwise direction and even sector numbers
travels in clockwise direction. The following
table represents the switching sequence each
sector.

Sector no: Switching sequence
1 V=V =V, -V, -V, -V, -V,
2 V,-F,-F, -V, -V, -V, -F,
3 V, =V, =V, —V, =¥, -V, -V,
4 L A A A A A
5 V-V —F -V, -V, -V, -7,
6 Vo= =V =¥, =V, —F —¥,

Table 3.2. Switching sequence of the
modulation
In sector-1 the switching states sequence is

V,—V,—V,—V.—V, —V, — I,

LN I e [ 2 LE
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Here sampling time period is equal to the ol v nieag o s L. g
switching time period T, which is divided I el Ko b
among the 7 switching states, out of which o gy~ gt
three are zero vectors. Y
=£+£+£+5+£+£+£ Eq(3.28) i el E i
4 2 2 4 2 2 4 S =TT+ ]
The following figure 3.4 shows the s ET Y P — =
switching pulse pattern in all the sectors. il
The following symmetrical pulse paterns S =Te 5
gives the less harmonics. Based on the R ETTPT P
symmetric pulses waveforms switching sensti si=rie B
times of all the switching devices in all the e A
sectors are derived. Table-3.2 represents S SE— . :
the switching times of the inverter in each I B i s
sector ol PR [ i
™ L_I;_I__:I—:_ 1 i I_l—ll Table 3.3. Switching times in each sector
Upr | == | type o || —— UNIFIED SVPWM
. = — I - The configuration of a dual two-level inverter
e = J = — system with two isolated DC voltage sources
i . L | Vdcl and Vdc2 is shown in Fig.4.1, where the
o mme o m ratio of two DC voltages, k=Vdcl/Vdc2, is an
e arbitrary positive value.
i T ) Dual- inverter with two isolated DC Sources:
|
' g = o~ J J J /\J[ ; Ji ; Ji ;

Hen 1 en -]
- | == Vaer —(:‘:7— Vaz
o ) .—:—1 J 1
Y = EE B - - Open winding :
- ’ V2
Liwe ¥ 1 L1 e INVI RCmcaas INV2
— - !_—_l_ I |

Ve s w vivrw v ve e ST T Figure 4.1. Configuration of dual inverter

Figure 3.5. Switchingsignal derivation fora with two isolated DC sources

period from voltage vectors in all the sectors
The relationship between the reference voltage
vector Vs and the vector outputs of the dual
inverter Vinvl and Vinv2 is represented as:

V=P -V Eq(4.1)

For the classical SVPWM, two nonzero active
voltage vectors are adopted in the synthesis
process. To simulate the process in the dual-
inverter system, a unified SVPWM algorithm is
proposed according to Eq (4.1). In the proposed
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unified SVPWM, each inverter provides an
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active voltage vector, Vex for INV1 while Vy The time distributions of voltage vectors for the
for INV2, and their time durations tx, ty are dual-inverter in different sectors and regions are

expressed as

i
L, -\':—_;T sin{x / 3-8)
Eq(4.2)
Vi,

2 = =T sin@

showed in Table 4.1. Where, V1x = Vx and
V2y = W represent the voltage vectors used
initially in region (1). The complementary
vector for INV1 is presented as V1y and V2x
for INV2. The corresponding time durations of
V1x, V2y, V1y, and V2x are represented by

Voltage vector plane and Vector selection for
the Dual- inverter:

Where Vsm is the amplitude of the reference
voltage vector Vs, Ts is the sampling period and

tlx, t2y,tly, and t2x, respectively.

Seclor
I-VI

region(1)

region(2)

region(3)

0 € (0,m/3] is the angle between Vs and Vx.

The voltage vector plane for the dual
inverter system is divided into 6 sectors.
Considering that the time durations txand ty
are limited to Ts, each sector is divided into
3 regions, as shown in Fig. 4.2 for sector | as
an example. If tx> Ts, the voltage vector Vs
is located in region (2), as displayed in Fig.
4.2(b). If ty >Ts, Vs is located in region (3),
as shown in Fig. 4.2(c). Otherwise, Vs is in
region (1), as exhibited in Fig. 4.2(a). When
Vs is not located in region (1), a
complementary voltage vector is needed
according to the voltage-second integral
principle.

FEh
(b} region {2)

{a) region (1)

() region (3)

Figure 4.2. Vectors synthesis process when

Vs appears in three regions

[.;l ha=h =T I =1y

1 ANI

Vi fr, =0 t,=0

Vi =0 ty=k(1:-T,)

ANI

[

Fay ty =t Iy = ly =1y

Table 4.1. Time distributions of voltage
vectors for the dual inverter

The synthesis process of the reference
voltage vector in sector | for three different
regions is also elaborated in Fig. 4.2 as an
example. Each inverter provides two non-
zero voltage vectors, i.e. V1x and V1y are
produced by INV1 while V2x and V2y by
INV2. After obtaining tx and ty according to
Eq (4.2), and the time durations for each
inverter are determined based on the
relationship of tx, ty and Ts as illustrated in
Tab. 4.1. When Vs is located in region (1),
no complementary voltage vectors are
needed, thus, tly and t2x are set to zero. For
region (2), tix is limited to Ts, the
complementary voltage vector V2x is
provided by INV2, and t2x can be
determined accordingto Eq (4.3).

For the case in region (3), t2y is limited to
Ts, a complementary voltage vector is
generated by INV1, and tly is calculated
accordingto Eq (4.4)
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Vit =V, T +V 1 Eq(43)
Thus, the expression for f,, is shown as

t, =Vt =TV, =0t -T)/k Eq(44)

To reduce the switching frequency during a
sampling period, the voltage vector V1x and
V2y will be chosen from V1, V3 and V5
according to the located sector of the
reference

voltage vector, while the relevant
compensatory voltage vectors V1y and V2x
can be picked up from V2, V4 and V6.

Consequently, the zero vector for both
inverters will be VO.

In summary, the voltage vector plane and
voltage selection for the dual-inverter is
illustrated in Fig4.3. The number n
(n=1,2,3,4,5,6) and n’ represent the vectors
Vn provided by INV1 and INV2,
respectively. The black dotted circles in
Fig.4.3 are the boundaries of different
regions, which indicate that how many
regions the reference voltage vector Vs will
pass through in a sector, and the radii are
determined by the two DC source voltages.
The maximum linear modulation index
region is indicated by the red dotted circle,
and the linear modulation region is
(Vdcl+Vvdc2)/3.

" ",
Figure 4.3. Voltage vector plane and
Voltage selection for the dual-inverter

According, take sector | as an example: for
different regions, the voltage vector
switching sequences during a sampling

Volume 06 Issue 13
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period for each inverter are illustrated in
Figs. 4.5

5| ) | Sz S\ iz |
S| ¢ L] S s.|
Iy T. U 201,-T k2
(a) region (1) (b) region (2 () region 3
Figure 4.4. \Voltage vector switching
sequence for INV1 in sector 1
s Vs 5 Vs: Vi Vs $ Vi
sl sl A s
S| L | s 177 L S
Iy I & k{t-T ) < T,

(a) region (1) (b) region (2) () region (3)

Fig 4.5. Voltage vector switching sequence
for INV2 in sector 1

For region (1), both inverters work in
switching mode, as shown in Fig. 4.4(a) and
Fig. 4.5(a). When the reference voltage
vector is located in region(2), INV1 works
in clamping mode while INV2 works in
switching mode, as presented in Fig. 4.4(b)
and Fig. 4.5(b). For the case in region (3),
INV1 will work in switching mode while
INV2 works in clamping mode, as
illustrated in Fig. 4.4(c) and Fig. 4.5(c).

It can also be seen that the switching time of
the dual inverter in a sampling period is
always four times no matter which region
the desired voltage vector is located, which
is only 1/3 of that of the dual-inverter dual-
SVPWM system. If the reference voltage
vector Vs is small, i.e. within the smaller
circle shown in Fig. 3, then it will only
moves in region (1) for all sectors, both
inverters will work in only switching mode,
as shown in Figs. 4.4 and 4.5. if the desired
voltage vector is located in between the two
dotted circles, then both region (1) and
region (3) will be passed through.
Otherwise, the voltage vector V1 selected by
INV1 will be clamped in region (2) sector |
and chopped for the residual two regions, as

Available online: http ://edupediap ublications.org/journals/index.php/IJR/

Page | 1021




Intermational Journal of Research

International Journal of Research
Available at https://edupediapublications.org/journals

p-1ISSN: 2348-6848
e-ISSN: 2348-795X

//
f&g
IR

shown in Fig. 4.4(b).

Simulation and experiment verification

In order to verify the effectiveness of the
proposed unified SVPWM algorithm,
experiments are implemented on a dual two-
level inverter system based on an open
winding PMSM. The parameters of the
PMSM are listed in Tab. 5.1 the sum of two
DC-link voltages Vdcl and Vdc2 is set to
140 V for all experiments. The experimental
setup is shown in Fig. 5.1. Two two-level
voltage source inverters are built with
SEMIKRON SKM75GB12T4 insulated gate
bipolar transistors (IGBTs), which are
driven by SEMIKRON SKHI61 driver
boards. A digital signal processor (DSP)
TM S320F28335 is adopted to implement the
control algorithms and generate gate pulses
for IGBTs. A dynamometer controller is
adopted as the load of the PMSM.

Svstem Parameters Value

stator resistance 13500
pole pairs i
T76e-3H
17e-3H
0.128 Wb

d-avis inductances

g-axis inductances

permancnt magnet flux linkage

Table 5.1 Motor parameters

The experimental results are shown in Figs.
5.1-5.2, the waveforms are three-phase pole
voltages for INV1 and INV2, the motor
output torque, and three-phase current from
top to bottom, respectively. The voltage
vectors selected in different regions for
sector | are shown in the enlarged views of
Figs. 5.2(a) and 5.3(a), which are consistent
with the theoretical analysis.

When the running speed is 500 r/min, the
experimental results for the alternate-
inverter PWM switching strategy are shown
in Fig. 5.2 , and those for the proposed
unified SVM are exhibited in Fig. 5.2. It can
be seen that both algorithms exhibit good
performance when k=1, as displayed in Figs.
5.3.aand 5.4.a. However, the current and the

Volume 06 Issue 13
December 2019

torque outputs are distorted even with a
small difference between two DC voltages
(k=15:13) for the algorithm proposed, as
shown in Fig. 5.2 (b), and the system even
cannot operate properly with larger voltage
difference. But for the proposed algorithm,
the performance

INVI Uoving

Sampling DSP  Encoder signal
TMS320F28335 processing

Open winding

Dy mrlnmctcr Ih;\?g: :1 e
. controller =4

Figure 5.1. Hardware setup of experimental

system

Hysteresis
dynamometer

Available online: http ://edupediap ublications.org/journals/index.php/IJR/

Page | 1022




Intermational Journal of Research

==
<t =
Pe{;

International Journal of Research
Available at https://edupediapublications.org/journals

p-ISSN: 2348-6848
e-1SSN: 2348-795X
Volume 06 Issue 13

December 2019
T A B e e va. N =22
[ RO R S [ e
1o, L . . m 1 Vs = [ .
I't.,.. .il = J l.l. [ S UV mem "-i
| ¥l i1 0 " Vol [ . | .
B % o B e B e | =% Em R @ @ W
[ Y ot l T OSNWaNy s g
i (10ms/div) l T TATaY) 10ma/div
i) =T au: Ve TN TRV (b) k=Vii:Vex=T5V:65V=15:13
| e N =Wl |
-0 T8 . -l | . -I [ |
! B l [ | N |
r-:l"“im‘i L m B
-l Lm0 11 m
(LT I gn BB N e B _.I_J | B

r..| 1 S\ma‘dh)

“LatTArdIvy
(1oms/div

(b) k=Vg1:Va=75V:65V=15:13
Figure 5.2. The alternative-inverter PWM
switching strategy [7] at 500 r/min
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When the speed is increased to 1000r/min in
Fig. 5.4, the output performance is still good
under different values of k. It can be
concluded from Figs. 5.3-5.4 that the unified
SVPWM algorithm can obtain good
performance for a wide speed range and the
ratio of two DC voltage supplies can be
flexible.

F(TArdiv)

) 10ms/div
() k=Vy :Vea=105V:35V=3:]
Flgure 5.3. The unlfled SVM at 500r/m|n

(100N /divy
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Figure 5.4. The unified SVM at 1000 r/min
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. k = e
To verify the output performance of the Vi Ve, | TO:70 | 75:65 | 94:46 | 105:35
proposed method in this letter, the current T
harmonic profiles for the discontinuous fice | 28 | 303 205 | 3.51
PWM, the alternate-inverter ~PWM il

switching strategy and the unified SVPWM
are displayed as in Fig.5.4. It can be seen
that the unified SVPWM has the best current
harmonic profile output among all three
modulations.To test the output performance
of the unified SVPWM, the fast Fourier
transformation (FFT) analysis results of ia
under different ratios of DC-link voltages k
are tabulated in Table 5.2. It can be seen that
the current output performance is satisfying
with various value of the ratio k.

=l

THD=4.23%

T

/1 (T

0 T s ob
Ha mnulcnr{l

Mag(%s of fundamental)
o

(a) The DPWM

g3

‘E THD=2.04%
g, THD=1.94%
.

=

B

il

k-]

T;“ L.-LL_-L‘ —-v-o--—- PER—
= 40 50 1]
= (b) The ﬂttmmmurm M

33

E

THD=1.83%
=

i ]

=

E

o= 1

1] l-\—‘-t.-..-.__q_-.h__.*

Magl(%e

0 10 30 50 o0
lllrmolﬂl: order
(c) The unified SVEPWM

Figure 5.5. Current harmonic profiles for
three different methods at 500 r/min under
k=Vdcl:Vdc2=70V

Table 5.2. Current FFT results under
different DC-link voltage ratios

SIMULATION CIRCUIT AND RESULTS

!

Control Diagram
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CONCLUSION

In this project Simulink models for
two techniques have been developed and
tested in the MAT-LAB/SIMULINK
environment. The simulation results are
compared for nonlinear loads and then it
analyzed by computing their total harmonic
distortion (THD). Therefore it has been
observed that Unified SVPWM is better in
reducing harmonics in non-linear load. The
current distortion is analyzed for different
switching frequencies. Also it has been
observed that Unified Space vector is better
in reducing THD as compared to Alternate
Inverter pulse width modulation for a wide
speed range.

The highly nonlinear currents drawn
especially by high-power single-phase
rectifier loads greatly distort the outputs of
Nonlinear Loads. So the permanent magnet
synchronous motor drive fed by the Dual
inverter with DC supply is used. Potential
zero sequence current in the open end
winding drive system has to be considered
since it causes circulating current in the
winding and leads to high current stress of
power semiconductor devices and high
losses. Zero sequence switching
combinations do not produce zero sequence
voltage are used to synthesize the reference
voltage in existing method. In order to
suppress zero sequence current in the open
end winding Nonlinear Loads drive unified
SVPWM is used. In addition the total
switching frequency reduced by 1/3 of that
of the dual SVPWM

The simulation results are compared
for nonlinear loads and analyzed by
computing their total harmonic distortion
(THD).It has been observed that Unified
SVPWM s better in reducing harmonics in
nonlinear load. The current distortion is
analyzed for different switching
frequencies. It has been observed that
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Unified Space vector is better in reducing
THD as compared to Alternate Inverter
pulse width modulation for a wide speed
range. The results of inverter fed induction
motor drive systems are presented. It is
observed that the by shoot-through
operation DC-link voltage has been
increased upto 360 Vdc so that inverter can
produce 220-230 Vac for 230V induction
motor drives to improves its efficiency and
performance
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